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 6 
Abstract 7 
There is a large variety of multiple driven axle vehicles. Some of the most common are 8 
the 3-axle rigid vehicles and the 4-axle articulated vehicles, which can in some cases 9 
have different steering mechanisms, adaptive suspension, etc. This last kind of vehicles 10 
usually have very complex transmission configurations. Moreover, the required torques 11 
in each of the wheels can be very different, especially when the vehicle is working in 12 
rough terrains. The aim of this work is to study and model the driveline of this kind of 13 
vehicles, when using a hydrostatic transmission, from the performance and efficiency 14 
point of view, by analysing the influence of the operating conditions in the transmission 15 
efficiency. A global model is used to quantify the power flow in each of the 16 
transmission elements and the overall performance of the entire vehicle driveline, given 17 
the operating conditions thereof. 18 
A sensitivity analysis has also been done showing the influence of vehicle speed, rolling 19 
resistance, terrain slope and hydraulic motors displacement in the overall transmission 20 
efficiency. 21 
                                                 
1 Corresponding author: Tel.: +34 973 003577; Fax.: +34 973 003575 
E-mail address: mcomellas@diei.udl.cat (M. Comellas) 
 2
The interest of this work is also to make a contribution to the literature in the field of 22 
global modelling of drivelines under variable operating conditions and its application to 23 
ATVs. One important aspect is the influence of different actuation requirements that 24 
occur in different wheels at the same time. 25 
The results show that the overall performance of the transmission is highly dependent 26 
on operating conditions, on the selected transmission configuration and on the used 27 
components. 28 
 29 
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 33 
Introduction 34 
Nowadays there is a large variety of all terrain wheeled vehicles (ATVs) with many 35 
different configurations in relation to the number of drive axles, steering mechanisms, 36 
and requirements (Goering, 2003). 37 
Some of these special vehicles have mechanisms that allow adapting the position of the 38 
wheels in relation to the chassis (adaptive suspension). Also different types of 39 
transmissions are used (mechanical, hydrostatic, electrical, mixed, etc.). However, the 40 
adaptive suspension may in some cases substantially hinder the power transmission 41 
from the engine to the wheels, so the use of a hydrostatic transmission is advisable in 42 
these cases. 43 
 In addition, vehicles used to overcome obstacles and with a considerable load capacity 44 
pose very different requirements in each of its axles (Potau et al., 2010). 45 
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The methodology for the design of this kind of transmissions is a complex and far from 46 
trivial process.  47 
A rule-based expert system, called HSTX, has been developed to aid in the selection 48 
and sizing of the main components (pumps and motors) of a hydrostatic transmission 49 
for single-path configurations (Li et al., 1990). 50 
The use of hydrostatic transmissions in agricultural and forestry vehicles is widespread. 51 
Nevertheless, there are relatively few studies covering the modelling of specific 52 
components of the transmission and even fewer studies focused on the interaction 53 
between components to analyse the efficiency of the whole driveline according to the 54 
operating conditions. There are some examples in the literature of modelling focused on 55 
the hydrostatic part of mechanical-hydrostatic mixed transmissions concerned with the 56 
mathematical modelling of the dynamic behaviour of the swash-plate mechanism of the 57 
variable displacement pump (Kugi et al., 2000) as well as the particularities of their 58 
integration in agricultural tractors using planetary gear trains (Linares et al., 2010). 59 
Other studies have been found focused on minimizing the operating cost per unit of 60 
acreage in agricultural vehicles equipped with hydrostatic transmission, where a model 61 
that predicts the performance and the efficiency of a hydrostatic transmission for both 62 
maximum and partial flow is obtained (Pacey et al., 1983). 63 
Other authors have relied their studies on Bondgraph simulation techniques in order to 64 
model the dynamic performance behaviour of open loop hydrostatic transmission 65 
systems (Dasgupta, 2000). 66 
Some studies are related to hybrid technology, in which the factors that influence energy 67 
consumption in urban driving conditions are analysed for vehicles with electric-68 
hydrostatic mixed transmission and regenerative braking strategies (Hui et al., 2008). 69 
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Validation studies of the performance models of different transmission components 70 
using test rigs can also be found in the literature (Czyński, 2008). 71 
Some static and dynamic simulation tests using constant and variable efficiency values 72 
for the main elements have been done to evaluate the transmission efficiency using 73 
MATLAB-SIMULINK software (Jędrzykiewicz et al., 1997). 74 
Finally, the integration of all these aspects in the vehicle driveline and the evaluation of 75 
the overall performance in terms of vehicle operating conditions has been carried out by 76 
other researchers for the case of mechanical transmission (Yi et al., 2007). 77 
Also noteworthy are the studies found in the literature on the energy consumption of 78 
hydraulic systems in construction machinery (Zimmerman et al., 2008), although no 79 
references have been found for the case of a hydrostatic transmission driveline aimed at 80 
a vehicle with a high ability to surmount obstacles. 81 
On the other hand, there are studies focused on the conceptual description of the design 82 
procedure and the performance analysis of a hydrostatic transmission for multiple axle 83 
vehicles intended to overcome obstacles (Comellas et al., 2010). 84 
This paper presents an efficiency sensitivity analysis of the hydrostatic transmission in 85 
this type of vehicles, quantifying the power flow in each of the transmission elements 86 
and the overall performance of the whole vehicle driveline, depending on its operating 87 
conditions. 88 
 89 
Studied vehicle 90 
This study is based on a vehicle consisting of 2 modules linked by a double articulation 91 
joint, with 8 wheels grouped in 4 bogie assemblies, 2 per module. The double 92 
articulation joint and the bogie mechanisms allow the 8 wheels to adapt their position in 93 
order to ensure the contact of all the wheels with the ground. 94 
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When operating in a slope or in rough terrain, every wheel can have different actuation 95 
requirements. So the transmission system has to provide the corresponding torque and 96 
power to each wheel. 97 
The vehicle must be able to operate in terrains with different surface characteristics and 98 
different slopes up to 35º. 99 
In Figure 1 a scheme of the vehicle is shown and the general specifications are 100 
summarized. 101 
The vehicle concept on which the study is based is shown in Figure 2, where it can be 102 
seen a simulation of the vehicle overcoming an obstacle. 103 
This all-terrain vehicle is aimed to be driven through irregular terrains. One possible 104 
application is the use in forestry areas, where there are slopes and obstacles not 105 
accessible with a conventional 2-axle vehicle. 106 
 107 
Mathematical model of transmission components 108 
This section analyses the power losses occurring in the different components of the 109 
transmission that have an effect in its overall efficiency. These losses can be classified 110 
as: 111 
• Volumetric and hydromechanical losses in hydraulic pumps and motors 112 
• Pressure drops in hoses and singular elements of the hydraulic circuit 113 
• Mechanical losses in both gear reducers and chain mechanisms 114 
 115 
Power losses of every transmission component depend on their working conditions. 116 
Once the operating condition of the vehicle is known, that is the speed and torque 117 
required at every wheel, and power losses can be estimated, it is possible to calculate 118 
the power requirements of the engine that provides the necessary mechanical power. 119 
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 120 
Regarding to the volumetric losses, in any hydraulic component, pump or motor, there 121 
is a leakage flow dependant on its construction, its internal tolerances and the specific 122 
working conditions: speed, pressure, viscosity of the fluid, temperature, etc. 123 
The clearances between moving parts in hydrostatic machines are relatively small, 124 
typically of the order of tens of micrometers. Correspondingly, Reynolds numbers for 125 
the leakage flows are low, and flow is laminar (Burrows and Vaughan, 1988). As a 126 
result, if it is considered as a typical pressure drop in pipes, the friction coefficient is 127 
inversely proportional to the fluid velocity, so the pressure drop is proportional to the 128 
flow. 129 
It can be considered then that the leakage flow is proportional to the pressure difference 130 
inside the component. To this end, a constant of proportionality for the pump and 131 
another for the motor is defined ( vpk  and vhk ). These constants establish the dependence 132 
between the leakage flow ( lq ) and the pressure difference as shown in Eq. (1), where 133 
iP  is the pressure difference between the high-pressure line and the drainage channel, 134 
and the subscript (i) is (h) for hydraulic motors or (p) for hydraulic pumps. 135 
 136 
ivili Pkq                   (1) 137 
 138 
Hydromechanical losses in hydraulic pumps and motors include hydraulic losses, which 139 
are pressure losses due to the viscosity of the fluid, and mechanical losses, due to the 140 
friction caused by the relative motion between elements, such as bearings, pistons, etc. 141 
Mechanical losses cause a pressure loss that can be considered constant, also known as 142 
no load pressure loss ( 0_lciP ). This is the pressure difference between inlet and outlet 143 
that is required to keep the pump or the motor rotating. Hydraulic losses can be 144 
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considered proportional to the circulating flow squared. They have been calculated as a 145 
typical pressure drop in hoses where there are some unknown parameters that have been 146 
grouped in a hydromechanical constant ( hmik ) as it can be seen in Eq. (2). 147 
As a result, the calculated pressure loss ( lciP ) is obtained from Eq. (2), where ( hmik ) is 148 
the hydromechanical constant for the component. So the real pressure increase at the 149 
pumps (
rpP ) is the difference between the theoretical pressure increase ( tpP ) and the 150 
calculated pressure loss (Eq. (3)). The real pressure decrease at the motors ( rhP ) is the 151 
theoretical pressure decrease ( thP ) plus the calculated pressure loss (Eq. (4)). 152 
 153 
2
0_ inihmilcilci qkPP                 (2) 154 
Pump: lcptprp PPP                 (3) 155 
Motor: lchthrh PPP                 (4) 156 
 157 
The values of the constant parameters (volumetric vik   and hydromechanical  hmik ) used 158 
in the mathematical model definition of each of the components have been fit to adjust 159 
the model efficiency curve to the manufacturer data. 160 
 161 
The pressure drops in the piping of the hydraulic circuit have been modelled as the sum 162 
of the pressure drops in hoses and the pressure losses due to singular elements (valves, 163 
elbows, etc.). They have been obtained using the common model of Darcy-Weisbach, as 164 
it is described in Eq (7), where ( f ) is the hose friction coefficient, ( L ) is the hose 165 
length or the equivalent length of the singularity, ( D ) is the hose inner diameter, ( oilv ) 166 
the fluid velocity, and ( g ) is the gravity acceleration. 167 
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The hose friction coefficient has been calculated using the Colebrook-While expression, 168 
with the simplification of Swamee-Jain, under turbulent flow for all the situations 169 
analysed. Although the Reynolds number range obtained in this study includes 170 
situations for both laminar and turbulent flow in the hydraulic circuit, only turbulent 171 
flow has been considered. The reason for doing this assumption is because when fluid 172 
first enters a pipe (after a singularity) its flow is not fully developed. Instead the fluid 173 
has to travel a certain distance undisturbed before it becomes fully developed. This is 174 
also true when a fluid goes around a curve in the pipe system. The curve in the pipe will 175 
disrupt the velocity profile of the fluid, and it will need to travel a certain distance in a 176 
straight pipe to have a fully developed flow again. 177 
In the hydraulic circuit there are a lot of valves, elbows, curved hoses, etc., and they 178 
make it difficult to achieve a fully developed laminar flow downstream one of these 179 
singularities. That is why only turbulent flow has been considered along the hydraulic 180 
circuit for all the situations. 181 
 182 
g
v
D
LfP oilpipe ꞏ2ꞏꞏ
2
                 (7) 183 
 184 
Mechanical losses in gearboxes and chain mechanisms increase with the torque 185 
transmitted, so they have been modelled as derived from a friction torque in the output 186 
shaft proportional to the torque transmitted (see Eq (8)), regardless of the angular 187 
velocity. The resulting efficiency can be evaluated according to Eq (9). 188 
 189 
0_ꞏ foutff MMkM                 (8) 190 
 
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f
mec M
M1                 (9) 191 
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 192 
Analysed transmission configuration 193 
The analysed transmission configuration comprises two hydraulic pumps, four 194 
hydraulic motors (one per bogie) and eight chain mechanisms. The hydraulic motors are 195 
placed on the bogie at the same distance between both corresponding wheels. 196 
Two operation modes have been considered, regarding the connection between pumps 197 
and hydraulic motors. They can be selected in every situation depending on the 198 
operating requirements of the vehicle. 199 
The operation modes are described as S.O.M. and P.O.M., and Figure 3 shows the 200 
corresponding layouts of the hydraulic and mechanical connections. 201 
 202 
 S.O.M. (Series Operation Mode): The output of both pumps are joined and the 203 
flow is directed to the group of 2 motors of the front module of the vehicle, and 204 
then to the group of 2 motors of the rear module. The 2 groups of motors are 205 
connected in series. This operation mode allows high speed of the vehicle, since 206 
the total flow goes through the 2 groups of motors. 207 
 P.O.M. (Parallel Operation Mode): Each pump is connected to a group of 208 
motors, so they define 2 independent circuits that operate in parallel. This mode 209 
allows high torque of the motors, since the whole pressure difference is used in 210 
only one group of motors. 211 
 212 
Hydrostatic transmission components 213 
In this example two different groups of commercial components have been selected for 214 
the study of the transmission performance. In order to have comparative results, the 215 
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only difference between them is the displacement of the hydraulic motors. A brief 216 
description of the main features of each component is provided. 217 
 218 
 Hydraulic pumps: The selected pumps (Bosch Rexroth A4VG/40) are reversible 219 
for closed circuit, with axial pistons, variable displacement and inclined plate. 220 
Their maximum displacement is 45.3 cm3/rev. 221 
In Figure 4 it can be seen, as an example, the efficiency curves as a function of the input 222 
speed of the pump shaft. They have been obtained from the model that has been 223 
previously described. 224 
 Hydraulic motors: The selected motors (Poclain Hydraulics MS 02) have radial 225 
pistons with fixed displacement, being 213 cm3/rev and 255 cm3/rev for the 226 
group of Components 1 and 2, respectively. 227 
 228 
Determination of the overall transmission efficiency 229 
The parameters used in the mathematical model definition for each of the elements have 230 
been deduced from the manufacturer data. 231 
The global transmission efficiency has been evaluated as a ratio between the sum of the 232 
output powers transmitted to each of the vehicle axles and the sum of mechanical power 233 
to drive the two main hydraulic pumps and the feedback pump, which has to be equal to 234 
the power provided by the combustion engine Eq. (9). 235 
In Figure 5 it can be schematically observed the power data parameters for the global 236 
transmission efficiency analysis. 237 
 238 
 11
feedbackpp
RRFF
EC
Out
tot PowerPowerPower
PowerPowerPowerPower
Power
Power


21
2121
..

          
(9) 239 
 240 
In all the cases and results shown in this work, the limits in the operating conditions of 241 
the components have been taken into account. So, it has never been overtaken, under 242 
any circumstance, the maximum pressure of 450 bar in any point of the hydraulic 243 
installation. The hydraulic pumps have been limited to 45.3 cm3/rev. of displacement 244 
per revolution. The hydraulic motors never operate with a power demand higher than 18 245 
kW. 246 
The refrigeration and renovation oil flow of the closed loop, extracted from the low 247 
pressure pipe, has been calculated from the relieve valve actuation depending on the 248 
pressure at which it is working. 249 
The power consumed by the feedback pump has been calculated taking into account that 250 
it provides a constant flow, as it is an 11 cm3 gear pump, at a 10 bar pressure increment. 251 
The amount of flow that is not injected to the closed loop is rerouted to the oil 252 
accumulation tank. 253 
 254 
Actuation requirements of the different axles 255 
The actuation requirements in the axles of the vehicle are defined as the angular speed 256 
and torque needed to run in a specific operating condition. 257 
Usually, each of the vehicle axles has different requirements. Adding the complex 258 
configuration of the vehicle transmission is what makes difficult to transfer the power 259 
from the engine to the wheels. 260 
These two parameters (angular speed and torque) adopt different values depending on 261 
the operating conditions (vehicle speed, terrain slope, and terrain rolling resistance). 262 
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In this study, the actuating torque in each axle has been considered as proportional to 263 
the corresponding normal load. Then, all the axles should begin the slippage at the same 264 
time. 265 
So, as the vehicle is running on a planar sloped surface, the needed angular speed in 266 
each of the wheel axles is the same for all of them, however, the torque requirements are 267 
very different in each axle. 268 
Figure 6 shows different operating scenarios where it can be seen the actuating torque in 269 
each axle. 270 
 271 
Efficiency sensitivity analysis 272 
The influence of the vehicle operation requirements (vehicle speed, terrain slope and 273 
rolling resistance) and the transmission parameters (operation mode and hydraulic 274 
motor displacement) over the total efficiency is analysed. 275 
The previously defined mathematical global model has been used to evaluate the 276 
efficiency values obtained in the different operating conditions. 277 
 278 
In a first comparative study it has been analyzed the vehicle speed influence over the 279 
global transmission efficiency for different particular terrain slopes values, varying from 280 
0º to a maximum of 35º, with a constant rolling coefficient of 0.05, with the 213 cm3 281 
displacement motor and for both operation modes (series and parallel) (Eq (10)). 282 
 283 
213.,05.0,,(  dispmotorkvf rttot  cm3/rev .)...,..., MOPMOS         (10) 284 
 285 
A second sensitivity analysis shows the total transmission efficiency as a function of the 286 
terrain slope, given a vehicle speed (3 km/h) and several rolling resistance values (from 287 
 13
0 to 0.25) with the 213 cm3/rev. displacement motor and for both operation modes 288 
(series and parallel) (Eq (11)) 289 
 290 
3,,(  vkf rttot  km/h 213., dispmotor cm3/rev .)...,..., MOPMOS        (11) 291 
 292 
After that, a sensitivity analysis to compare the hydraulic motors displacement influence 293 
has been done using two different hydraulic motors models, one of them with a 213 294 
cm3/rev. displacement and the other one with a 255 cm3/rev. displacement. 295 
 296 
Results and discussion 297 
First, the influence of the operating conditions is analysed. Figure 7 shows a simplified 298 
scheme of the two operation modes (series and parallel) for the same actuation 299 
conditions. The flows and the pressure difference at the elements can be comparatively 300 
observed. Table 1 shows, for the hydraulic pumps and motors, if the flow and the 301 
pressure in the circuit are lower, higher or equal to the opposite operation mode. 302 
It can be deduced that, comparatively, for a parallel operation mode the higher 303 
circulating flow through the pumps implies a reduction in the global efficiency 304 
compared to a series operation mode. On the other hand, the detrimental aspect in a 305 
series operation mode is the higher pressure reached both in pumps and in the inlet of 306 
the first group of hydraulic motors. 307 
 308 
In Figure 8 the transmission efficiency as a function of the vehicle speed for different 309 
terrain slopes can be observed. It can be seen that at low speeds the efficiency is always 310 
higher in a parallel compared to a series operation mode regardless of the terrain slope. 311 
This is due to the fact that in the parallel mode the hydraulic circuits of each of the 312 
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vehicle’s modules works independently (as far as flow and pressure concerns), which 313 
allows the maximum circuit pressure to be lower. In both operation modes (series and 314 
parallel) the circulating flow through the motors when the vehicle moves at a certain 315 
speed is almost the same, as the speed is also the same. However, in a series operation 316 
mode the pressure has to be higher to reach the required torques in each of the axles and 317 
it decreases in cascade from its maximum value at the inlet of the first group of motors 318 
to the suction pressure before the pump inlet. 319 
As previously mentioned, the flow is the detrimental effect in a parallel operation mode. 320 
As the vehicle runs at a low speed there is a low flow rate and its influence in losses is 321 
lower. 322 
When the vehicle speed increases and the required torque conditions are maintained, the 323 
losses due to the high flow have a greater importance. While the flow is the same in the 324 
motors, the flow in the pumps doubles in the P.O.M. 325 
In a parallel operation mode it is not possible to reach the whole vehicle speed range 326 
because the maximum pump displacement limits the output flow. 327 
In P.O.M., the maximum attainable speed decreases as the terrain slope gets higher. The 328 
reason is that for higher slopes higher pressure is needed, and then it leads to greater 329 
flow losses (leakage flow, both in pumps and motors) and a reduction of the effective 330 
flow. 331 
In the series operation mode the limiting aspect is the maximum pressure reached in the 332 
circuit. That is why the cases with a terrain slope higher than 20º are not technically 333 
feasible with this operation mode. 334 
For high speed and high slope simultaneously is not possible to reach the maximum 335 
specified speed of 30 km/h. The maximum power for the hydraulic motors (18 kW) is 336 
exceeded. 337 
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It is important to notice that the global transmission efficiency is very variable 338 
depending on the operating conditions, and its maximum value for a given slope can 339 
range between a 25% when the vehicle runs in a flat terrain to 70% in maximum slopes. 340 
It can be appreciated that the global transmission efficiency is null when the speed is 0 341 
km/h, as there is no output power, and that for low speeds the global efficiency is very 342 
low as it is necessary to overcome the no load losses and the output power is low. The 343 
efficiency increases rapidly when the vehicle speed rises as the output power also 344 
increases. That happens from 0 to around 5 km/h, thereafter the influence of the speed 345 
increase is not as significant. It can be observed that in some of the studied scenarios 346 
there is a speed from which the efficiency line takes a slightly negative slope value. This 347 
is the speed at which the losses caused by the speed increase begin to be higher than the 348 
output power increase. With the considered model, the efficiency of the mechanical 349 
elements of the transmission depends on the transmitted torque but is independent on 350 
the working speed. 351 
The crossing points of the efficiency lines for a series operation mode and a parallel 352 
operation mode (Figure 8) are the points where the excess of losses due to the pressure 353 
(volumetric losses) in motors and pumps when the transmission is operating in series 354 
are equivalent to the excess of losses due to the flow rate (hydromechanical losses) in 355 
pumps operating in parallel. 356 
As an example of this effect, the power losses for the scenario conditions at the 357 
efficiency crossing point for a terrain slope of 5º (Figure 8) have been analysed in more 358 
detail. At this point, the scenario operating conditions are: 359 
Vehicle speed = 13.5 km/h 360 
Terrain slope = 5º 361 
Rolling resistance coefficient = 0.05 362 
 16
In these conditions the minimum friction coefficient is 0.1382 and the total efficiency is 363 
0.4585 for both series and parallel operation modes. 364 
The volumetric and hydromechanical losses for both, series and parallel operation 365 
modes, have been calculated in this scenario. The pressure inside the elements 366 
(hydraulic pumps or hydraulic motors) causes a leakage flow which is considered as a 367 
volumetric loss, its power loss ( ivollossPow ,, ) can be calculated multiplying the leakage 368 
flow ( liq ) by the difference between the high pressure ( ihighP , ) and the reference 369 
pressure ( refP ) (Eq (13)). On the other hand, the flow rate circulating throughout the 370 
elements and the friction between their moving parts causes a pressure loss, which is 371 
known as a hydromechanical loss and its power loss ( ihydlossPow ,, ) is calculated 372 
multiplying the inlet flow ( iniq ) by the pressure losses at the element ( lciP ) (Eq(14)). 373 
Again the subscript (i) is (h) for hydraulic motors or (p) for hydraulic pumps. 374 
 375 
 refihighliivolloss PPqPow  ,,, *             (13) 376 
lciiniihydloss PqPow  *,,               (14) 377 
 378 
In the considered scenario conditions, the mechanical power losses in the chain 379 
mechanisms are the same for both, series and parallel mode, and it has been assumed 380 
that the power losses in hoses and singular elements of the hydraulic circuit are not very 381 
different depending on the operation mode (series or parallel). So the excess of 382 
volumetric or hydromechanical losses using a series or parallel operation mode can be 383 
seen in Figure 9. 384 
In order to have more information at this point (Figure 8) some essential values of 385 
circulating flow and pressure difference in the main parts of the hydraulic transmission 386 
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have been specified for the S.O.M. and P.O.M. (Table 2). As it can be seen, the pressure 387 
difference in hydraulic motors for both, the series and parallel operation modes, are the 388 
same as the required torque in the wheels axles is also the same. However, the pressure 389 
difference in the hydraulic motors is lower than the pressure difference provided by the 390 
pumps due to the hydraulic losses in hoses. The pressure difference provided by both 391 
pumps in P.O.M. is slightly higher than in S.O.M. because the circulating flow is also 392 
higher and then there are more hydromechanical losses (pressure loss). 393 
On the other hand, the flow provided by both pumps in S.O.M. is higher than in P.O.M. 394 
because the pressure difference is also higher and then there are more volumetric losses, 395 
or what is the same, there is a bigger leakage flow. 396 
In Figure 10, the transmission efficiency, operating both in series and parallel, as a 397 
function of the terrain slope for a vehicle speed of 3 km/h for several rolling resistance 398 
values is represented. 399 
It is shown that the maximum efficiency values reached are around 35% using a series 400 
operation mode while in parallel an efficiency of up to 55% can be reached. 401 
For a 0º slope the transmitted power already has a significant value when the rolling 402 
resistance is not null, being this the needed power to overcome the rolling resistance. 403 
It should be obvious that for a 0º terrain angle a higher efficiency is obtained when the 404 
rolling resistance is bigger, for both the parallel and the series operation mode, as the 405 
output power is increased and the no load losses have a diminished effect. On the other 406 
hand, at 0º slope, there is a difference in the efficiency value depending on the operation 407 
mode that is used. For low rolling resistances, this difference is almost null. However, 408 
there is a significant difference for high kr values. Since a low speed situation is studied, 409 
the reason is that the influence of the hydromechanical losses caused by the flow in 410 
parallel is lower than the influence of the volumetric losses caused by the pressure 411 
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difference due to the moving vehicle resistance influence. For slopes steeper than 12º 412 
and 20º using a series and parallel operation mode respectively, the rolling resistance 413 
influence over the global transmission efficiency is negligible. It can be noted the 414 
importance of a proper tire pressure when running in non steep slopes, whereas at steep 415 
slopes the tire pressure can be reduced in order to improve the vehicle contact surface 416 
without worsening the global efficiency. In the same way as the analysis of the global 417 
efficiency as a function of the speed, it is observed that there is a terrain angle from 418 
which the efficiency line takes a lightly negative slope value. This is the angle from 419 
which the losses due to the pressure increase because of the increase in the terrain slope 420 
begin to be higher than the transmitted power increase. 421 
Lastly, the results for the influence of the hydraulic motors displacement are analysed. 422 
As it has been previously commented, two different hydraulic motors with different 423 
displacements (213 cm3 and 255 cm3) have been considered. It is noteworthy that the 424 
255 cm3 displacement motors need less oil pressure than the 213 cm3 displacement 425 
motors to achieve the same output shaft torque, but at the same time, more flow is 426 
needed by them to achieve the same shaft speed (Table 3). 427 
In Figure 11 and Figure 12 the transmission efficiency as a function of speed, terrain 428 
slope and for a rolling coefficient of 0.05, for both hydraulic motors (213 cm3/rev. and 429 
255 cm3/rev.) and for both operation modes (series and parallel) is represented. Figure 430 
11, shows the results for the series operation mode while Figure 12 shows the results for 431 
the parallel operation mode. 432 
Observing both pictures (Figure 11 and Figure 12) it can be seen that at low speeds and 433 
steep slopes better efficiencies are obtained with the 255 cm3 motor in both operation 434 
modes. On the other hand, for high speeds and not extremely demanding slopes better 435 
efficiencies are obtained with the 213 cm3 motor. When high torques are demanded, 436 
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with the 255 cm3 motors a less pressure is needed and as a result the volumetric losses 437 
are lower although the hydromechanical ones are bigger, but as the flow is small its 438 
effect is also small. In contrast, at high running speeds, the 213 cm3 motors provides 439 
higher revolutions with less flow and as a result less hydromechanical losses, and as the 440 
torque requirements are not heavy demanding, the volumetric losses have less influence 441 
in the efficiency. 442 
It can be deduced then that independently from the operation mode, the hydraulic motor 443 
that will provide better efficiencies during the vehicle service life will depend on the 444 
vehicle main usage. 445 
 446 
Conclusions 447 
With an off-road multiple driven axle vehicle with a hydrostatic transmission 448 
configuration given, a mathematical model to analyse the theoretical performance and 449 
efficiency has been defined. 450 
All the components have been integrated into the mathematical model of the 451 
transmission which evaluates the performance conditions of each of them, as well as the 452 
efficiency of the whole driveline. 453 
The influence of different parameters (vehicle speed, terrain slope, rolling resistance 454 
and hydraulic motor displacement) on the overall transmission efficiency has been 455 
analysed. Sensitivity analyses have been done using the developed global mathematical 456 
model of the driveline. 457 
It has been shown that the efficiency results obtained for the whole transmission are 458 
considerably lower than the combination of the maximum efficiency values of each of 459 
the components that make up the driveline. It is demonstrated that combining different 460 
components decreases the overall performance because they all never work 461 
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simultaneously at their maximum efficiency working point. It is verified that the overall 462 
driveline efficiency depends on the operating conditions of each of the elements and the 463 
entire vehicle as a whole, as well as the relationship between elements and their 464 
operation mode (series or parallel). 465 
At low slopes very low efficiencies are obtained because the transmission components 466 
are far from their optimal operating point. 467 
It has been observed that when going at high speeds with high flow rate flowing throw 468 
the hydraulic elements, the hydromechanical losses have more influence when using a 469 
parallel operation mode. On the other hand, when the vehicle is facing a steep terrain 470 
slope and, consequently, high pressures are obtained in the hydraulic system, volumetric 471 
losses have more effect on the series operation mode. 472 
It is noted that the hydraulic motor displacement influence is determinant to the overall 473 
transmission performance, showing that for high terrain slope and low speed a bigger 474 
displacement hydraulic motor is best suited while for low terrain slope and high speed a 475 
smaller displacement hydraulic motor is recommended. Therefore, the choice of the 476 
hydraulic motor that provides higher efficiencies during the vehicle life depends on its 477 
priority of use within the different possible operation scenarios. 478 
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 524 
Nomenclature 525 
inhq  Inlet flow for the hydraulic motor 526 
outhq  Outlet flow for the hydraulic motor 527 
inpq  Inlet flow for the hydraulic pump 528 
outpq  Outlet flow for the hydraulic pump 529 
lhq  Leakage flow for the hydraulic motor 530 
lpq  Leakage flow for the hydraulic pump 531 
vhk  Volumetrical constant for the hydraulic motor 532 
 23
vpk  Volumetrical constant for the hydraulic pump 533 
hP  Pressure difference between the high-pressure line and the drainage channel of 534 
the hydraulic motor 535 
hFP  Pressure difference between the high-pressure line and the drainage channel of 536 
the hydraulic motors of the front module 537 
hRP  Pressure difference between the high-pressure line and the drainage channel of 538 
the hydraulic motors of the rear module 539 
pP  Pressure difference between the high-pressure line and the drainage channel of 540 
the hydraulic pump 541 
0_lchP  No load pressure loss for the hydraulic motor 542 
0_lcpP  No load pressure loss for the hydraulic pump 543 
lchP  Calculated pressure loss for the hydraulic motor 544 
lcpP  Calculated pressure loss for the hydraulic pump 545 
hmhk  Hydromechanical constant for the hydraulic motor 546 
hmpk  Hydromechanical constant for the hydraulic pump 547 
rhP  Real pressure decrease at the hydraulic motor 548 
rpP  Real pressure increase at the hydraulic pump 549 
thP  Theoretical pressure decrease at the hydraulic motor 550 
tpP  Theoretical pressure increase at the hydraulic pump 551 
pipeP  Pressure loss in the hydraulic circuit pipes 552 
f  Hose friction coefficient 553 
L  Hose length or equivalent length of the singularity 554 
D  Hose inner diameter 555 
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oilv  Fluid velocity inside the hose 556 
g  Gravity acceleration 557 
fM  Friction torque at output shaft 558 
fk  Friction proportionality constant  559 
inM  Input torque 560 
outM  Output torque 561 
0_fM  No load output torque 562 
  Gear ratio 563 
mec  Mechanical efficiency 564 
tot  Total efficiency 565 
1FPower  Output power at F1 axle 566 
2FPower  Output power at F2 axle 567 
1RPower  Output power at R1 axle 568 
2RPower  Output power at R2 axle 569 
OutPower  Output power 570 
1pPower  Input power at hydraulic pump 1 571 
2pPower  Input power at hydraulic pump 2 572 
feedbackPower  Input power at feedback hydraulic pump 573 
..ECPower  Combustion engine power 574 
v  Vehicle speed 575 
t  Terrain slope 576 
rk  Rolling resistance coefficient 577 
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... MOS  Series operation mode 578 
... MOP  Parallel operation mode 579 
hvollossPow ,,  Volumetrical power losses at the hydraulic motor 580 
pvollossPow ,,  Volumetrical power losses at the hydraulic pump 581 
hhydlossPow ,,  Hydromechanical power losses at the hydraulic motor 582 
phydlossPow ,,  Hydromechanical power losses at the hydraulic pump 583 
hhighP ,  Pressure at the high pressure line of the hydraulic motor 584 
phighP ,  Pressure at the high pressure line of the hydraulic pump 585 
refP  Reference pressure 586 
587 
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 588 
 
MODULE 1 
MODULE 2 
DOUBLE 
ARTICULATION 
BOGIE 
SWING 
ARM 
OLEO-PNEUMATIC 
ACTUATOR
Variable Value 
Length 3,600 mm
Width 1,500 mm
Height 1,800 mm
Wheel diameter 600 mm 
Vehicle weight 1,200  kg 
Load Capacity 800 kg 
Maximum weight 2,000 kg 
Maximum speed 30 km/h 
Figure 1. Scheme and general specifications of the vehicle 589 
590 
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 591 
 
Figure 2. Simulation of the vehicle overcoming an obstacle 592 
593 
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 594 
S.O.M. (Series Operation Mode) P.O.M. (Parallel Operation Mode) 
 
 
 
 
Figure 3. Layout of the configuration with the series operation mode (left) and the 595 
parallel operation mode (right) 596 
597 
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Figure 4. Efficiency curves as a function of the input speed of the pump shaft 600 
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PowerC.E.
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 603 
Figure 5. Power flows in the overall transmission 604 
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 606 
            607 
Operating 
conditions Scenario A Scenario B Scenario C Scenario D 
Slope 
β (º) 4 (7%) 4 (7%) 20 (36%) 35 (70%) 
Speed 
(km/h) 25 15 5 3 
Rolling 
coefficient kr 
0.012 0.25 0.15 0.05 
Required friction 
coefficient μmin 
0.09 0.33 0.54 0.78 
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Figure 6. Actuating torque in each axle depending on the operating scenario 609 
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 611 
 612 Figure 7. Simplified schemes of the operation modes, series (left) and parallel (right), 613 
for the same actuation conditions. 614 
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Figure 8. Efficiency as a function of vehicle speed and terrain slope 618 
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 621 
Figure 9. Volumetric and Hydromechanical losses in pumps and motors for the same 622 
scenario and with the same global transmission efficiency obtained 623 
624 
 35
 625 
 
0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0
0 5 10 15 20 25 30 35
t [º]
 to
t
v = 3 km/hparallel
series
kr=0
kr=0.01
kr=0.05
kr=0.1
kr=0.25
Series
Parallel
Motor 213 cm3
 626 
Figure 10. Efficiency as a function of the terrain slope and rolling resistance 627 
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Figure 11. Efficiency as a function of speed and terrain slope in a series operation mode 631 
for the 213 and 255 cm3 displacement hydraulic motors  632 
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Figure 12. Efficiency as a function of speed and terrain slope in a parallel operation 636 
mode for the 213 and 255 cm3 displacement hydraulic motors 637 
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 639 
 
Operation mode 
Series Parallel 
Hydraulic motors
q = = 
Pmax. ↑ ↓ 
Hydraulic pumps
q ↓ ↑ 
∆P ↑ ↓ 
Table 1. Flows and pressures comparison depending on the operation mode (series or 640 
parallel) 641 
642 
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 643 
 S.O.M. P.O.M.
Hydraulic pumps 
1pP  [bar] 211.1 102.6 
2pP  [bar] 211.1 108.8 
1outpq  [l/min] 26.1 51.5 
2outpq  [l/min] 26.1 51.5 
Hydraulic motors 
hFP  [bar] 101.6 101.6 
hRP  [bar] 107.4 107.4 
Table 2. Flow and pressure difference values at the studied point of Figure 8. 644 
645 
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 646 
 647 
Table 3. Comparative table of pressures and flows in hydraulic motors with different 648 
displacements 649 
 
Hydraulic Motor Displacement
 
213 cm3 255 cm3 
Pressure (P) ↑ ↓ Shaft Torque 
Flow (q) ↓ ↑ Shaft Speed 
